Site-specific protein conjugates with RAFT polymers were synthesized using expressed protein ligation. Stable micelles were formed from both linear block copolymer and Y-shaped conjugates.
Herein, we report the first examples of direct EPL to a range of polymers prepared using RAFT polymerization. Furthermore, we demonstrate the ability to perform orthogonal conjugation reactions at the same site, enabling the synthesis of different bioconjugate architectures that form stable micelles in solution.
RAFT polymerization is a versatile living polymerization technique for preparing functional polymers with pre-defined MW and narrow PDI. 19 However, most RAFT agents are composed of trithiocarbonates or dithioesters, which we observed to react with cysteine rapidly under NCL conditions to form cyclic dithiocarbamate or thioamide, respectively ( Figure S1 , ESI † ). Therefore, for conjugation to the C-terminus of a protein, it is important to prepare RAFT agents with protected cysteine and remove the RAFT agent end group after RAFT polymerization to avoid interference and consumption of the cysteine end group before NCL can be attempted.
We synthesized trithiocarbonate and dithioester RAFT agents with protected cysteine groups, and polymerizations using these RAFT agents proceeded smoothly to yield poly(dimethylacrylamide) (PDMA), poly(N-isopropylacrylamide) (PNIPAM), and poly(polyethylene-glycol methacrylate) (PPEGMA) with molar mass of 6-21 kDa and PDI < 1.1 ( Table 1 ). The RAFT agent and cysteine end groups were then sequentially removed and deprotected (see experimental detail in ESI † ).
A model protein, green fluorescent protein (GFP), was cloned into the expression vector with the intein-maltose binding domain fused to the C-terminus of GFP to produce a gene encoding a protein suitable for EPL conjugation. The C-terminal residue on the protein of interest is known to have a significant effect on the intein cleavage, and glycine has been reported to maximize the cleavage efficiency. 13 Therefore, two glycine residues were encoded between the C-terminus of GFP and the intein. A His 6 tag was also coded at the Nterminus of the GFP to allow purification of the protein-polymer conjugate by metal affinity chromatography. The GFP-intein fusion protein was expressed in Escherichia coli, and the cell lysate was loaded onto chitin resin mercapto-ethanesulfonate (MESNa) for >12h at 4°C
, GFP was cleaved off the chitin resin with a sulfoethyl thioester group at the C-terminus ( Figure S2 , ESI † ).
We first used a PDMA (entry 1 in Table 1 ) polymer to investigate the conditions and efficiency of polymer conjugation to GFP-thioester. Conjugation conversions reached 50-60% after 6 h at all temperatures investigated, namely 4 °C, room temperature, and 37 °C, and stayed constant afterwards, although the reaction proceeded faster as temperature was increased ( Figure S3 (a)-(c), ESI † ). Increasing the equivalence of polymer from 10 fold to 20 fold or adding additional reducing agent, such as tris(2-carboxyethyl) phosphine (TCEP) did not increase the conversion (Figure S3 (d) and (e), ESI † ). Therefore, all the subsequent conjugation reactions were performed using 10 fold excess of polymer at room temperature for 12 h without additional reducing agent. Using these conditions, all RAFT polymers were successfully conjugated to GFP at moderate conversions (Fig 1) . The lower conversion of † Electronic Supplementary Information (ESI) available: experimental details, NMR, GPC, LC-MS, CD, UV-Vis spectra and additional SDS-PAGE. See DOI: 10.1039/b000000x/ PPEGMA is likely due to the increased steric hindrance at the cysteine chain end as compared to other linear polymers.
Since NCL retains the cysteine residue at the linkage, we next sought to take advantage of this cysteine for subsequent conjugation to the same site on protein to form a Y-shaped protein-polymer conjugates. This strategy provides a complementary strategy to recently reported dibromomaleimide coupling 20, 21 to conjugate proteins to two different functionalities, in the present case placing proteins at the interface between two polymer blocks (Scheme 1). The site of protein to bind the fusion protein. After incubation with 50 mM sodium attachment may have an impact on the stability or activity of proteins.
To enable two subsequent site-specific conjugations at the same site, a GFP mutant was prepared with no accessible surface cysteines, which was confirmed by the absence of conjugation in the presence of excess maleimide-terminated PEG (M n = 5 kDa) and TCEP. To avoid interference with the thiol-maleimide coupling at the newly formed cysteine, the RAFT agent at the polymer chain end was removed via desulfurization by radical-induced reduction. 22 Complete removal of RAFT agent was evidenced by the disappearance of the absorption peak of RAFT agent at 310 nm. Cysteine-functionalized PDMA was then conjugated to GFP under our standard NCL conditions with a 60% yield. The reaction mixture was purified to remove excess PDMA, and no attempt was made to isolate the GFP-PDMA from unreacted GFP. The product from the first ligation reaction was then subjected to 10 eq. PNIPAM (M n = 7 kDa) with a maleimide end group. The band corresponding to GFP-PDMA has completely moved to higher MW, as shown by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), indicating successful second conjugation (Fig 2) . This resulted in a Y-shaped conjugate, GFP-Y-PDMA-PNIPAM, and the final conjugate was purified by anion exchange chromatography. We also synthesized a PDMAb-PNIPAM with similar MWs in each block (7 kDa each) as compared to the PDMA and PNIPAM used in Y-shaped conjugates. This linear BCP conjugate was simply purified by ammonium sulfate precipitation to remove unconjugated GFP (Fig 2) . Circular dichroism (CD) and UV-vis spectra of both types of GFP-polymer conjugates showed minimal change from the spectra recorded with the unconjugated GFP ( Figure S9 and S10, ESI † ), indicating the native protein conformation is reserved by the conjugation procedures.
Thermo-responsive micellization of these protein-polymer conjugates was observed regardless of the molecular architecture, as studied using dynamic light scattering (DLS). At 25 °C, both conjugates existed in the monomer form with R h of 5.5 and 3.5 nm for the linear and Y-shaped BCP conjugates, respectively; the lower R h for the Y-shaped conjugate is consistent with the more compact molecular configuration of the branched polymer. Upon heating to 50 °C, above the lower critical solution temperature (LCST) of PNIPAM, micelles were rapidly formed in both cases: the linear conjugate had a R h of 15.3 nm and the Y-shaped conjugate had a R h of 12.7 nm. Micellization was completely reversible. Upon cooling back to 25 °C, the conjugate monomer form was restored within minutes. Transmission electron microscopy (TEM) of dehydrated micelles adsorbed to Formvarcoated grids and negatively stained revealed the formation of spherical micelles for both bioconjugate architectures. SDS-PAGE of (1) GFP-thioester after chitin column purification; crude conjugates of GFP with (2) PDMA (entry 1 in Table 1 ), (3) PDMA (entry 2 in Table 1 ), (4) PPEGMA (entry 3 in Table 1 ), (5) PDMA-b-PNIPAM (entry 4 in Table 1 ), (6) PDMA (entry 5 in Table 1 ). Synthesis of linear (top) and Y-shaped (bottom) GFP-block copolymer conjugates and their proposed micellar assembly with different protein location in respective micelles. a Determined by GPC in DMF (0.02M LiBr) using refractive index (RI) and MALLS detectors.
b Calculated using densitometry from SDS-PAGE analysis.
c PDMA with a hydride end group.
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